The gas-phase dehydration of glycerol to acrolein was carried out over 10 wt % HSiW catalysts supported on different supports, viz. γ-Al2O3, SiO2-Al2O3, TiO2, ZrO2, SiO2, AC, CeO2 and MgO. The same reaction was also conducted over each support without HSiW for comparison. Several characterization techniques, N2-physisorption, thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), the temperature-programmed desorption of ammonia (NH3-TPD), temperature-programmed oxidation (TPO) with mass spectroscopy and CHNS analysis were employed to characterize the catalysts. The glycerol conversion generally increased with increasing amount of acid sites. Ceria showed the highest 1-hydroxyacetone selectivity at 315 o C among the various metal oxides. The supported HSiW catalyst showed superior catalytic activity to that of the corresponding support. Among the supported HSiW catalysts, HSiW/ZrO2 and HSiW/SiO2-Al2O3 showed the highest acrolein selectivity. In the case of HSiW/ZrO2, the initial catalytic activity was recovered after the removal of the accumulated carbon species at 550 o C in the presence of oxygen.
Introduction
The conversion of biomass into chemicals has attracted much attention because biomass can replace fossil resources and it is ultimately free from CO 2 emission. Therefore, the use of glycerol, which is the main byproduct during the synthesis of biodiesel, is a welcome advance. 1 Through its dehydration, glycerol can be converted into acrolein, which is a key intermediate in the synthesis of acrylic acid, acrylic acid esters, superabsorber, polymers and detergents. 2 Acrolein is traditionally produced through the partial oxidation of propylene over mixed metal oxides containing Bi-Mo(W)-O phase. 3 For the synthesis of acrolein from glycerol, acid catalysts should be used to selectively protonate its hydroxyl groups.
Various acid catalysts have been examined for this reaction in either the liquid or gaseous phase. In the liquid-phase reaction, various homogeneous and heterogeneous acid catalysts, viz. bezenesulfonic acid, 4 sulfonic acid, 5 metal phosphates, 7 alumina, 9 zeolite 9 and metal sulfates, 10 have been investigated. However, most homogeneous catalysts have some drawbacks, such as their high toxicity, corrosiveness and the large quantity of waste water. Moreover, the glycerol conversion should be kept low in order to increase the acrolein selectivity in the liquidphase reaction. 11 The gas-phase reaction has been investigated to achieve a high acrolein selectivity with a high glycerol conversion. Various solid acid catalysts, viz. metal phosphates, 8, 9, [13] [14] [15] [16] metal sulfates, 17 metal oxides, [17] [18] [19] supported heteropolyacids (HPAs) 17, [20] [21] [22] [23] [24] [25] [26] and zeolites, 11, 17, 27, [28] [29] [30] [31] [32] have been reported. HPAs with well defined Keggin structures are well-known solid acid catalysts. They have been commercially applied to several petrochemical processes, because they have stronger Brönsted acid sites than conventional solid acid catalysts such as SiO 2 -Al 2 O 3 and zeolites. 33 The acid strength of crystalline HPAs 34 It was reported that among the various silica-supported HPAs, HSiW/SiO 2 showed the most stable catalytic activity for the dehydration of glycerol and was also resistant to water vapor. 20 In this work, we chose HSiW as the heteropolyacid and examined the effect of the support on the gas-phase dehydration of glycerol over the supported HSiW. The catalytic activity of the corresponding support was also investigated for the purpose of comparison. 4.0 × 10
The total acidity was determined by quantifying the desorbed NH3.
pretreated in air at 400 o C for 3 h and purged in He for 1 h before the reaction.
Characterization of catalysts. The BET surface area was calculated from the N2 adsorption data that were obtained using an Autosorb-1 apparatus (Quantachrome) at liquid N 2 temperature. Before the measurement, the sample was degassed in a vacuum for 4 h at 200 o C. The Keggin-anion density, the number of Keggin anion dispersed on the surface of support, were calculated according to the following equation. The bulk crystalline structures of the catalysts were determined by the X-ray diffraction (XRD) technique. The XRD patterns were obtained with a Rigaku D/MAC-III using Cu Kα radiation (λ = 0.15406 nm) operated at 50 kV and 30 mA (1.5 kW). The assignment of the crystalline phases was carried out using PC-PDFWIN software (version 2.2) for the ICDD database.
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were conducted using a Simultaneous Ther- The amounts of carbon and hydrogen formed on the used catalysts were determined with a CHNS analyzer (Vario EL III) after the samples were pretreated with He at 300 o C to remove any weakly chemisorbed organic compounds before the carbon analysis.
Catalytic activity tests. The dehydration of glycerol was conducted in a continuous small fixed-bed reactor with the catalysts that had been retained between 45 and 80 mesh sieves at atmospheric pressure. For the screening tests, 0.30 g of the catalyst without diluents was contacted with a standard gas consisting of 8. alysis. They were filtered with a 0.2 μM membrane filter and analyzed with a gas chromatograph equipped with an HP-FFAP column and a flame ionization detector (FID). The quantification of the products was carried out using 1-butanol in water as an external standard. The glycerol conversion and molar carbon selectivity were quantified according to the following equations:
, , where nFeed,i and nFeed,o are the number of moles of carbon in glycerol at the input and output, respectively; n Prod.,o is the number of moles of carbon in the product at the output.
Results and Discussion
The bulk crystalline structure for all of the supports and supported HSiW catalysts was probed with the XRD technique. Each support showed the typical XRD peak representing its inherent structure. None of the supported HSiW catalysts showed any XRD peaks corresponding to the HSiW Keggin structure. This implies that HSiW exists as highly dispersed species on the support. Kozhevnikov reported that the crystalline HPA phase could be observed for silica-supported HPA when the HPA loading on silica (S BET = 200 -300 m 2 /g) was 30 -50%. 35 The Keggin-anion density of HSiW on the support was calculated and listed in table (Supplementary Table 1 ). The calculated surface density decreased in the following order: HSiW/ TiO2 > HSiW/ZrO2 > HSiW/MgO > HSiW/γ-Al2O3 > HSiW/ CeO 2 > HSiW/SiO 2 > HSiW/SiO 2 -Al 2 O 3 > HSiW/AC. It is well known that the thermal stability of heteropolyacids is dependent on the support and is important for the gas-phase reaction. To prevent their thermal decomposition, the interaction between the HPAs and support is important. The heteropolyacids are irreversibly decomposed through a complex multistage process with increasing temperature. The thermal stability is generally determined by the thermal analytical method including thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The TGA results for HSiW and the supported HSiW catalysts are obtained (Supplementary Figure 1) . A significant weight loss was observed in the temperature range from 30 to 900 o C. For bulk HSiW, three different decomposition peaks were observed. Among the supported HSiW catalysts, the ZrO 2 -and TiO 2 -supported HSiW catalysts showed the best thermal stability.
The DSC results for HSiW and the supported HSiW catalysts are shown in Fig. 1 . The DSC curves for all of the tested catalysts showed an endothermic peak at ~100 o C which is due to the desorption of physisorbed water. 34 This peak intensity is dependent on the amount of hydration water in the sample. For bulk HSiW, the second endothermic peak at a temperature of around 241 o C is due to the removal of water from the hydrated heteropolyacid. 36 Atia et al. reported that the exothermic peak at ~540 o C in the DTA results was due to the decomposition of HSiW into WO 3 (Si). 21 The DSC plots for the supported HSiW catalysts also showed exothermic peaks in the range from 462 to 586 o C that represented the decomposition of HSiW on the support. Therefore, it is worth mentioning that all of the supported HSiW catalysts are thermally stable under the reaction conditions required for the dehydration of glycerol at 315 o C. The temperature-programmed desorption of NH 3 (NH 3 -TPD) was carried out to probe the acidity of the support (Supplementary Figure 2 ). CeO2 exhibited the well resolved desorption peaks at two distinct temperature regions. The overlapping peaks including one main peak and a shoulder were also observed over γ-Al2O3 and SiO2-Al2O3. 32 For TiO2 and ZrO2, a broad TPD peak was observed. No distinguishable desorption peak of NH 3 was detected for SiO 2 , AC and MgO.
The amount of desorbed ammonia and the peak position are summarized in Table 1 . Based on Table 1 and the previous results, 32 the maximum TPD peak position in the low-temperature region decreased in the following order: γ-Al2O3 ~ ZrO2 > TiO2 > SiO 2 -Al 2 O 3 > CeO 2 ≫ SiO 2 ~ AC ~ MgO. The maximum TPD peak position in the high-temperature region decreased in the the largest amount of acid sites. NH3-TPD was also carried out to probe the acidity of the supported HSiW catalysts, as shown in Fig. 2 . As compared with the results of the corresponding support, a stronger TPD peak The conversion, yield, and selectivity were acquired for the products obtained during the initial 2 h of reaction. The data in parenthesis were acquired for the products obtained from 10 to 12 h of reaction. was observed for the supported HSiW catalysts. For all of the supported HSiW catalysts, a new TPD peak was observed at temperatures above 400 o C where the evolution of NH 3 (m/e = 15) and H 2 O (m/e = 18) was confirmed by mass spectroscopy analysis. As compared with the DSC results (Fig. 1) , this implies that some NH 3 molecules strongly adsorbed on the hydrated HSiW (data not shown).
The amount of desorbed ammonia and the peak position for the supported HSiW catalysts were calculated in the temperature range below 400 o C and listed in Table 1 The maximum TPD peak position in the low-temperature region was shifted to a lower temperature for most of the supported HSiW catalysts compared with the results of the corresponding support itself. For all of the supported HSiW catalysts, the total amount of acid sites was increased compared with that of the corresponding support excepting for HSiW/γ-Al2O3. In the case of HSiW/γ-Al 2 O 3 , the total amount of acid sites was decreased compared with that of γ-Al 2 O 3 . Atia et al. obtained similar NH 3 -TPD results for HSiW/SiO2 and HSiW/Al2O3. They suggested that some of the acid sites on the support were replaced with the HPAs. 21 The weak interaction between the support and heteropolyacids enables the former to keep its Brønsted acid sites which results in the increment of the acid sites, whereas the strong interaction caused the looseness of the acid sites on the support as well as the distortion of the Keggin structure. 21 The dehydration of glycerol was examined with the timeon-stream over each support without HSiW ( Supplementary  Fig. 3 ). In our previous work, 32 The product distribution from the dehydration of glycerol was obtained over each support (Supplementary Table 2 ). The acrolein selectivity during the initial 2 h decreased in the following order: SiO 2 -Al 2 O 3 > γ-Al 2 O 3 > TiO 2 > ZrO 2 > AC ~ MgO > CeO 2 ~ SiO 2 . As shown in Tables 1 and table (Supplementary  Table 2 ), the glycerol conversion generally increased with increasing total amount of acid sites. Except for CeO 2 , the acrolein selectivity increased with increasing maximum TPD peak position, representing the strength of the acid sites. In the case of CeO 2 , strong acid sites were also observed (Supplementary Figure 2) . According to the results of Hammett titration, 17 base properties (Ho ≥ +7.2) were observed for CeO2 and MgO. When CeO 2 and MgO were used as catalysts, the acrolein selectivity was very low. Therefore, it is clear that the basic sites are not effective for the dehydration of glycerol into acrolein, which is in good agreement with those in the literature. 17 For CeO 2 , the mainly identified products were 1-hydroxyacetone and propio- nic acid which may be formed due to the presence of acid-base pairs on CeO 2 inducing the cleavage of C-H bond. 37 Clacens et al. reported that polyglycerol could be synthesized with a high selectivity from glycerol over MCM-41 incorporated with basic elements. 38 Therefore, the predominant formation of polyglycerol might be one of reasons for the low acrolein selectivity over MgO which contains only basic sites. The 1-hydroxyacetone selectivity during the initial 2 h, which was the main byproduct resulting from the keto-enol tautomerism of the mono dehydrated alkoxy species, decreased in the following order:
Trace of acetaldehyde, allyl alcohol, propionic acid, acetone, methanol and ethanol were detected with very low selectivities.
The dehydration of glycerol was also investigated over the supported HSiW catalysts, as shown in Fig. 3 The product distribution results obtained from the dehydration of glycerol over the supported HSiW catalysts are listed in Table 2 . The acrolein selectivity obtained during the initial 2 h decreased in the following order: HSiW/ZrO 2 ~ HSiW/ SiO 2 -Al 2 O 3 > HSiW/γ-Al 2 O 3 > HSiW/TiO 2 > HSiW/AC > HSiW/ SiO2 > HSiW/MgO > HSiW/CeO2. Among them, HSiW/ZrO2 showed the highest acrolein selectivity. Chai et al. suggested that the HPW Keggin structure was highly dispersed on ZrO 2 and possessed high acrolein selectivity. 22 Tsukuda et al. carried out the dehydration of glycerol over mesoporous silica-supported HSiW catalysts and showed that the dehydration activity increased with increasing pore diameter. 20 In the case of HSiW/ AC and HSiW/SiO2, significantly enhanced dehydration activity was observed because of their enhanced surface acidity compared with that of the corresponding support. However, the molar carbon selectivities for acetaldehyde, allyl alcohol, 1-hydroxyacetone, propionic acid, acetone, methanol and ethanol during the initial 2 h were not changed noticeably.
A gradual decrease in the glycerol conversion with the timeon-stream was observed for all of the tested catalysts except for TiO 2 (Supplementary Figure 3) . Similar results were observed for γ-Al2O3 and SiO2-Al2O3. 32 The glycerol conversion was stable with the time-on-stream over TiO 2 .
The supported HSiW catalysts suffered from severe deactivation in the initial stage, as shown in Fig. 3 . A linear decline in the glycerol conversion with the time-on-stream was observed over HSiW/γ-Al 2 O 3 . In most cases, the molar carbon selectivity for products such as acrolein, 1-hydroxyacetone and acetaldehyde did not vary with the time-on-stream.
The coke deposit on each support was analyzed by a CHNS analyzer, as summarized in table (Supplementary Table 2 ). The presence of crystalline carbon was not observed for any of the catalysts after the reaction based on their XRD patterns. This implies that the carbon deposited on the catalyst surface exists in the amorphous state. For γ-Al 2 O 3 and SiO 2 -Al 2 O 3 , the surface carbon contents (wt %) of the used catalysts were 8.6 and 18.3%, respectively. 32 Therefore, the surface carbon content (wt %) of the used catalysts decreased in the following order: SiO 2 -Al 2 O 3 > CeO 2 > γ-Al 2 O 3 > TiO 2 > MgO > SiO 2 > ZrO 2 . It is worth mentioning that the H/C ratios in the carbon formed after the reaction are high over SiO 2 , MgO and ZrO 2 which have a low surface acidity. This is reasonable because the dehydration reaction can only occur on the surface acid sites, resulting in low H/C ratios.
The coke deposit on the supported HSiW catalysts was also analyzed by a CHNS analyzer, as summarized in Table 1) .
To characterize the carbon species accumulated on the catalysts, temperature-programmed oxidation (TPO) was conducted for the used catalysts (Supplementary Figure 4) . The amount of carbon dioxide (m/e = 44) formed decreased in the following order: SiO 2 -Al 2 O 3 > CeO 2 > γ-Al 2 O 3 > TiO 2 > MgO > SiO 2 > ZrO2. Taken together, we can say that most of the maximum TPO peaks centered at a temperature below ca. 560 o C were observed over the metal oxides. On the other hand, TPO peaks were found at much higher temperatures over H-zeolites after the same reaction. 32 Therefore, it can be concluded that carbonaceous materials are more easily oxidized over metal oxides. Moreover, a lower TPO maximum peak position was observed over reducible metal oxides such as TiO 2 , CeO 2 and ZrO 2 because of its redox properties.
In order to characterize the carbon species accumulated on the catalysts, TPO was also conducted for the supported HSiW catalysts after the reaction (Supplementary Figure 5) . The amount of carbon dioxide (m/e = 44) formed decreased in the following order: HSiW/SiO 2 -Al 2 O 3 > HSiW/TiO 2 > HSiW/CeO 2 > HSiW/ γ-Al 2 O 3 > HSiW/ZrO 2 > HSiW/SiO 2 ~ HSiW/MgO. For all of the supported HSiW catalysts, the maximum TPO peaks were shifted to higher temperatures as compared with those of the corresponding support. It is worth mentioning that the carbon formed over HSiW/ZrO2 during the reaction can be removed in the presence of O 2 at relatively low temperatures. This implies that this catalyst can be used after the regeneration step, and since it shows excellent thermal stability, as shown in Figs. 1, the catalytic activity after the regeneration step, in which the carbon formed was burned off in an air stream at 550 o C, was examined, as shown in Fig. 4 . In this case, the catalyst was calcined in air at 550 o C and then used. The amount of surface acid sites was determined to be 0.11 mmol NH 3 /g cat , which is smaller than that of the HSiW/ZrO2 calcined in air at 400 o C. Therefore, the former showed lightly less catalytic activity than the latter. As shown in Fig. 4 , the regenerated catalyst showed similar catalytic activity to the fresh catalyst. This implies that this catalyst can be used for continuous moving-bed reactors with a regeneration cycle.
Conclusion
Ceria showed the highest 1-hydroxyacetone selectivity during the gas-phase dehydration of glycerol at 315 The glycerol conversion generally increased with increasing amount of acid sites. In the case of HSiW/ZrO2, comparable catalytic activity to that of the fresh catalyst was obtained over the used catalyst after the regeneration step, in which the carbon formed was burnt off in an air stream at 550 o C.
